Background
Introduction
Diabetic macular edema (DME), common in patients with diabetes, results from a blood-retinal barrier defect that leads to vascular leakage, fluid accumulation and macula thickening [1] . This breakdown is the result of the expression of inflammatory factors [2] , including vascular endothelial growth factor (VEGF), intercellular adhesion molecule-1, interleukin-6, monocyte chemotactic protein-1 and leukostasis [3] .
Standard care for DME includes medical control of diabetes (monitoring glycemia and glycated hemoglobin (HbA1c) levels) and focal/grid laser photocoagulation of leaking microaneurysms and areas of diffuse capillary bed leakage [4] . Over the past decade, advances in elucidating the pathogenesis of DME has led to new therapies, including anti-vascular endothelial growth factor (VEGF) agents and corticosteroids. The anti-VEGF agents were the first to be approved for DME treatment [5] . Nevertheless, not all patients respond to the treatment and the compliance to the treatment is not high because of the numerous required injections during the year [6, 7] .
In 2014, a sustained-release intravitreal 0.7 mg dexamethasone delivery system was approved by Food and Drug Administration (FDA) and Commission Européenne (CE) for the treatment of DME, based on the MEAD study results [8] . Intravitreal corticosteroids block production of inflammatory mediators, such as VEGF, and inhibit leukostasis [9, 10] . Dexamethasone is an anti-inflammatory agent that is six-times more active than triamcinolone and 30-times more than cortisol (MEAD study). Furthermore, Boyer et al. reported its efficacy and safety in the treatment of DME when delivered to the vitreous cavity by a sustained-release intravitreal implant [8] . Indeed, studies showed an improvement in central macular thickness (CMT) and best corrected visual acuity (BCVA) in patients affected by DME after treatment [11] [12] [13] [14] . Nevertheless, no study has assessed functional changes after treatment by means of microperimetry and electro-functional tests.
In this prospective study, we investigated the changes in macular morphology and function by means of spectral-domain optical coherence tomography (SD-OCT), microperimetry (MP1), multifocal electroretinogram (mfERG) and pattern electroretinography (PERG) in eyes undergoing an intravitreal dexamethasone implant (Ozurdex) for DME over a 12-month period.
Methods

Study participants
Twenty-seven type 2 diabetic patients were enrolled for the study; all patients were intravitreal treatment-naive and were affected by a single eye with decreased VA that was secondary to DME. Patients consecutively presented at the University Gabriele D'Annunzio Department of Ophthalmology, between January 2014 and March 2014. This study was approved by our Institutional Review Board "Department of Medicine and Science of Aging, University "G. d'Annunzio" Chieti-Pescara, Italy", and patients signed informed consent for the use of their data. The study adhered to the tenets of the Declaration of Helsinki.
Criteria for inclusion were: 1) age >18 years old, 2) presence of DME, 3) best-corrected visual acuity (BCVA) of at least 1.0 LogMAR in the study eye at baseline examination (to ensure proper execution of functional examination) and 4) central macular thickness (CMT) >300 μm as measured by spectral-domain optical coherence tomography (SD-OCT) at baseline examination.
The exclusion criteria were 1) structural damage within a 0.5 disc diameter of the center of the macula in the study eye to not preclude improvement in visual acuity following the resolution of macular edema, including atrophy of the retinal pigment epithelium, subretinal fibrosis, laser scar(s), epiretinal membrane involving fovea or organized hard exudative plaques, 2) any ocular surgery and/or laser treatment in the study eye in the last six months, 3) previous intravitreal injection of corticosteroids or anti-VEGF, 4) a history of ocular inflammation or 5) history of IOP elevation in response to steroid treatment or a history of glaucoma.
Study Protocol
At baseline, all patients underwent a complete ophthalmic evaluation, including assessment of BCVA using Early Treatment Diabetic Retinopathy Study (ETDRS) charts, tonometry, slitlamp biomicroscopy, indirect fundus ophthalmoscopy and SD-OCT with automated CMT measurements. Furthermore, all patients were tested by using microperimetry, mfERG and PERG to evaluate macula's function.
All patients were treated with a sustained-release dexamethasone 0.7 mg intravitreal implant (DEX implant; Ozurdex, Allergan Inc., Irvine, CA) within 3±2 days from baseline examination. All injections were performed in the operation room, and the DEX implant was inserted into the vitreous cavity through the pars plana using a customized, single-use 22-gauge applicator. Patients were treated with a topical ophthalmic antibiotic for 10 days after the treatment.
Starting from month 3, in patients with a loss of five letters in BCVA and recurrence/persistence of ME as documented by indirect fundus ophthalmoscopy and SD-OCT (CMT > 300 μm), the treating physicians were free to decide whether to re-administer an intravitreal dexamethasone implant.
Outcome measures included the mean change in BCVA, CMT, microperimetry, mfERG and PERG values from baseline to months 1, 2, 3, 4, 5, 6 and 12. Moreover, we compared the mean change that was expressed as a percentage of BCVA, CMT, microperimetry, mfERG and PERG from baseline to four months after the last injection independent of primary injection or retreatment injection.
In addition, mean values of functional and morphological parameters were compared between patients requiring one injection (group 1) and patients treated with more than one injection (group 2) at the end of the follow-up period.
The number of intravitreal injections and the average period between injections were evaluated during the follow-up period.
The incidence of side effects following DEX implant, injections was recorded for each patient.
Procedures SD-OCT (Cirrus HD-OCT, software version 6.0; Carl Zeiss Meditec, Inc., Dublin, CA, USA) was performed to obtain automated CMT measurements that were generated by means of the Macular Cube 512x128 protocol. Microperimetry was performed using the MP1 Microperimeter (Nidek Technologies, Padova, Italy). The examination was performed using a fixation target consisting of a red cross that was 2°in diameter on a white monochromatic background with a stimulus size Goldmann III projected for 200 msec. A grid of 68 stimuli (Humphrey 10-2) that were randomly presented was applied to retinal locations covering the central 10°.
Pattern electroretinograms (PERG) and multifocal ERGs (Retimax CSO, Florence, Italy) were recorded for each patient, according to the International Society for Clinical Electrophysiology of Vision (ISCEV) protocols that were updated in 2012 and 2011 [15, 16] . The PERG waveform in normal subjects usually consists of a small initial negative component with a peak time of approximately 35 ms (N35), followed by a much larger positive component at 45-60 ms (P50). This positive component is followed by a large negative component at 90-100 ms (N95). Concerning mfERG, the ocular fundus was segmented by an array of 61 hexagons, and average responses for the implicit times and amplitudes of N1 (first negative component) and P1 (first positive component) of the first-order kernel were calculated for two regional ring groups (R1 and R2).
Statistical analysis
Statistical calculations were performed using Statistical Package for Social Sciences (version 20.0. SPSS Inc. Chicago. IL. USA). To detect departures from normality distribution, ShapiroWilk's test was performed for all variables. All quantitative variables were presented as median and interquartile range (IQR) in the results and in the tables.
Friedman test was applied to compare the mean BCVA, sensitivity at microperimetry, N1 and P1 amplitudes at mfERG, P50 and N95 amplitude and latency at PERG, CMT during the follow-up. Wilcoxon signed-rank test with correction for multiple comparison was applied to compare baseline values with each follow-up controls. Comparisons at 12 months between the group undergoing only one treatment and the group undergoing two treatments were performed using Mann-Whitney U test. Moreover, we compared the mean change expressed as a percentage of morphological and functional parameters (BCVA. CMT. microperimetry. mfERG and PERG) from baseline to four months after the last injection, independent of primary injection or retreatment injection, using Wilcoxon signed-rank test.
Non-parametric correlation analysis (Spearman test) was conducted to determine the relationship between BCVA, MP1 and OCT.
Results
Twenty-seven eyes of 27 type 2 diabetic patients (21 males; mean age 66.44±11.56 years), affected by DME and undergoing a dexamethasone implant treatment, were included for the analysis. At 12 months, nine out of 27 eyes completed the follow-up with only one intravitreal dexamethasone implant treatment; all other eyes received a second implant during the followup period. The average period between the first and second treatments was 6.7±2.3 months.
The mean duration of diabetes was 15.83±12.56 years. The mean duration of DME was 5.72±1.87 months.
One month after an intravitreal dexamethasone implant, the BCVA significantly improved from 0.33 (0.19 to 0.37) LogMAR (baseline) to 0.31 (0.17 to 0.37) LogMAR (p = 0.031). The BCVA was 0.27 (0.15 to 0.34), 0.11 (0.10 to 0.21) and 0.13 (0.05 to 0.21) LogMAR at two, three and four months after the treatment, respectively (p = 0.037, p<0.0001 and p = 0.001 after the comparison with baseline values, respectively) ( Table 1) .
Similarly, the retinal sensitivity in microperimetry improved from 7.55 (7.10 to 8.55) dB (baseline) to 11.50 (10.70 to 14.40) dB at one month (p<0.0001). Moreover, the retinal sensitivity was 9.70 (8.67 to 11.02) dB, 9.54 (8.65 to 10.83) dB and 9.05 (8.50 to 10.53) dB at two, three and four months after the treatment, respectively, (p<0.0001, p = 0.003 and p = 0.001, respectively, compared with the baseline value) ( Table 1, Fig 1) .
The CMT decreased from 358 (331 to 558) μm (baseline) to 279 (254 to 334) μm (one month postoperatively) (p<0.0001). At two, three and four months, the CMT was 253 (228 to 294) μm, 284 (233 to 299) μm and 287 (233 to 327) μm, respectively (p<0.0001 in all the three comparisons with the baseline value) ( Table 1, Fig 1) .
At four months, attending physicians decided to perform retreatment with an intravitreal dexamethasone implant in six eyes; then, only 21 eyes were included in the five-month analysis.
At five months, an additional nine eyes underwent retreatment; therefore, 12 eyes were included in the six-month analysis.
The BCVA remained significantly improved five months after the treatment compared with baseline values (median: 0.11 LogMAR; IQR: -0.01 to 0.18 LogMAR; p = 0.022); the improvement was not present after six months (median: 0.12 LogMAR; IQR: 0.01 to 0.51 LogMAR; p = 0.236).
At five and six months after the treatment, the improvement of retinal sensitivity at MP1 was not still significant compared with baseline values (median: 9.15 dB and 9.01 dB; IQR: 5.65 to 12.05 dB and 5.14 to 11.04 dB; p = 0.059 and p = 0.155; respectively).
The CMT decrease was not statistically significant at five and six months after the implant (median: 300 μm and 300 μm; IQR: 292 to 394 μm and 299 to 450 μm; p = 0.13 and p = 0.236; respectively). mfERG N1R1 and P1R1 amplitudes, as well as N1R2 and P1R2 amplitudes, did not change significantly from administration of dexamethasone up to the fourth month of follow-up Table 1 . Functional and morphological parameters evaluated at each time-point from intravitreal dexamethasone implant. th month) ( Table 1 ). Interestingly, eyes that did not undergo retreatment within 12 months from the first dexamethasone implant showed a better retinal sensitivity at baseline, compared with eyes undergoing retreatment <12 months (median: 8.8 dB and IQR: 7.6 to 9.4 dB vs median: 7.8 dB and IQR: 4.5 to 7.9 dB; p = 0.020). At 12 months, no difference was found between patients undergoing one treatment and patients treated with 2 dexamethasone implants ( Table 2) .
Furthermore, within group 2, we calculated the variation expressed as a percentage of BCVA, MP1 and CMT between baseline and four-month control after the treatment with either the first treatment or the retreatment. No statistically significant differences were found between the latter two (Table 3) .
Moreover, we evaluated the correlation among CMT, BCVA and MP1 values. We found an inverse correlation between MP1 and BCVA values (then an improvement in MP1 is correlated with an improvement in BCVA values) that did not reach the statistical significance only at the 4 th month. Furthermore, CMT values were directly correlated with BCVA values and inversely correlated with MP1 values, in almost all the months (Table 4) . No IOP elevation >21 mmHg or cataract progression were observed during the study follow-up.
Discussion
In this prospective study, we investigated changes in function and macular morphology in eyes undergoing DEX implants for diabetic macular edema, over a 12-month follow-up period. Overall, we found that this treatment induced an improvement in BCVA and macular sensitivity as soon as one month after administration, and this effect persisted for up to five months. CMT showed a similar trend; it significantly decreased as soon as one month after the implant and was still reduced four months after treatment.
Over the past decade, several studies demonstrated efficacy and safety of the DEX implant in patients affected by DME [8, [11] [12] [13] 17] . This led to treatment approval in 2014. Our results were in according with these studies [8, [11] [12] [13] showing a sustained BCVA and CMT improvement in eyes undergoing DEX treatment without the development of serious side effects. Nevertheless, to the best of our knowledge, no other report about the functional evaluation of the efficacy of DEX implants in DME exists.
Microperimetry has a high sensitivity in evaluating retinal function in diabetic patients [18] and is very useful in estimating visual prognosis in DME [19] . Our data showed an improvement of retinal sensitivity in the first five months after DEX implant. Table 4 . Correlation analysis at each time-point among functional and morphological parameters. Moreover, Boarse et al. supported the role of electro-functional assessments in diabetes, showing a compromise in mfERG and PERG values in the early stages of diabetic retinopathy in patients affected by DME [20] . Electro-functional alterations are secondary to neuroretinal degeneration affecting diabetic patients [20] . Our results did not show an improvement of electro-functional values following a DEX implant. Nevertheless, the values were stable for up to four months, worsening only after the fifth month. Interestingly, Querques et al. reported that electro-functional values do not improve also after DEX implants in other forms of chronic macular edema, as opposed to improvement of MP1 values [21, 22] . Then, the results of the present study suggest that treatment led to both a reduction of edema and to stabilization of neuroretinal degeneration; the latter restarts when the treatment is no longer effective.
Several studies reported there is a close link between inflammation, diabetic macular edema and neurodegeneration [23, 24] . Indeed, some authors showed that high pro-inflammatory cytokines being involved in the pathogenesis of macular edema and that inflammatory cytokines and chemokines can be detected in the aqueous humor of patients affected by DME [25] . Moreover, it is known that pro-inflammatory factors play an important role in the retina neurodegeneration [24] . There are several theories about the relationship between inflammation and neurodegeneration: (i) the leukostasis could create areas of capillary nonperfusion within the retina, leading to neuroretinal ischemia [3] ; (ii) TNF-alpha, a cytokine over-expressed in diabetes, could led to retinal neuron apoptosis [26] . Then, we suggested that dexamethasone implant could reduce or slow down the neurodegeneration by reducing the inflammation.
Starting from the third month, treating physicians were free to decide whether to re-administer an intravitreal dexamethasone implant on the basis of combined functional and morphological findings. During the 12-month study period, 18 out of 27 patients benefited from one retreatment after the first intravitreal dexamethasone implant. Furthermore, 15 out of 18 eyes needed retreatment before the sixth month. Boyer et al. recently reported the results of the MEAD trial [8] showing functional and anatomical outcomes comparable to ours. The MEAD study protocol defined six months as the minimum interval time between two treatments. Nevertheless, several studies recently showed that the maximum interval before retreatment should be less than six months [27] . Indeed, our functional and morphological results suggest the latter aspect. In particular, considering its importance in diabetic retinopathy pathogenesis and visual prognosis, we believe that it is important to block neuroretinal degeneration, which occurs in the first four months after treatment.
Interestingly, at 12 months, the 18 eyes undergoing two treatments and the 9 eyes undergoing 1 treatment did not show difference in morphological and functional values. The latter data suggest that the decision of not treating patients with a durable morphological and functional response to the treatment does not worsen the prognosis.
Moreover, we compared the effectiveness of the first treatment with retreatment. Recently, Scaramuzzi et al. [27] showed a sustained functional (BCVA) and morphological (CMT) improvement in eyes affected by DME after repeated injection. Our data partially confirmed these results (improvement in BCVA was higher in the treatment compared to the retreatment) and, in addition, showed a sustained retinal sensitivity improvement after the retreatment.
The design of the current study also allowed analysis, in intravitreal treatment-naïve eyes with DME, the relationship among morphological and functional parameters. An inverse correlation was found between CMT and retinal sensitivity in almost all eyes during the first six months after treatment. The latter finding confirms the importance of reducing edema to improve retinal function.
Our study has several limitations. The series presented here is relatively small. The latter aspect, in addition to the fact that this study lacks a control group, implies that differences during the follow-up could have been occurred even if the treatment was not applied. However, one should look at the current series in consideration of the strict inclusion criteria, especially the fact that we enrolled only treatment naïve patients. Finally, because our patients were not randomized, some conclusions, such as the period between the treatment and the re-treatment, are only suggested.
In conclusion, we showed that in eyes with DME, intravitreal dexamethasone implants provide meaningful functional benefits as soon as one month after treatment. Current findings relying on microperimetry and electro-functional exam changes further demonstrated that DEX implant improved retinal function and blocked neuroretinal degeneration for as long as the DEX implant worked. This study raises many questions and prompts further investigation including: (i) a randomized controlled trial in order to confirm many of our conclusions; (ii) the evaluation of new therapeutic approaches targeted to reduce inflammation and/or neuroretinal degeneration; (iii) the assessment of the effect of VEGF antagonists on electro-functional exams in eyes affected by DME; and (iv) the test of the consequences of DEX implant in patients already treated with VEGF antagonists.
